† Background and Aims Afromontane forest ecosystems share a high similarity of plant and animal biodiversity, although they occur mainly on isolated mountain massifs throughout the continent. This resemblance has long provoked questions on former wider distribution of Afromontane forests. In this study Prunus africana (one of the character trees of Afromontane forests) is used as a model for understanding the biogeography of this vegetation zone. † Methods Thirty natural populations from nine African countries covering a large part of Afromontane regions were analysed using six nuclear microsatellites. Standard population genetic analysis as well as Bayesian and maximum likelihood models were used to infer genetic diversity, population differentiation, barriers to gene flow, and recent and all migration among populations. † Key Results Prunus africana exhibits strong divergence among five main Afromontane regions: West Africa, East Africa west of the Eastern Rift Valley (ERV), East Africa east of the ERV, southern Africa and Madagascar. The strongest divergence was evident between Madagascar and continental Africa. Populations from West Africa showed high similarity with East African populations west of the ERV, whereas populations east of the ERV are closely related to populations of southern Africa, respectively. † Conclusions The observed patterns indicate divergent population history across the continent most likely associated to Pleistocene changes in climatic conditions. The high genetic similarity between populations of West Africa with population of East Africa west of the ERV is in agreement with faunistic and floristic patterns and provides further evidence for a historical migration route. Contrasting estimates of recent and historical gene flow indicate a shift of the main barrier to gene flow from the Lake Victoria basin to the ERV, highlighting the dynamic environmental and evolutionary history of the region.
INTRODUCTION
African geography is characterized by several highlands which are distributed non-continuously in East and West Africa in an archipelago-like way, with the Congo basin posing a serious ecological barrier to distributions of associated species. Further areas of higher elevation exist in southern Africa and Madagascar. In many cases, the occurrence of plant and animal species is similar between East and West African highlands, although the two areas are at present separated by a 2000-km gap in suitable habitat (White, 1983) . This pattern is most likely associated with climatic conditions during the Pleistocene (2 . 5 million to 11 000 years ago), oscillating between cold-arid and warm-moist (Moreau, 1966; Livingstone, 1975; White, 1983; Hamilton and Taylor, 1991; Maley, 1996) . Accumulated evidence suggests that during the last glacial maximum (around 20 000 years ago) a drier and colder climate caused a severe recession of tropical rainforest in West Africa, allowing montane species to colonize areas at lower altitudes, at least along rivers as gallery forests, and thus may have favoured migration between eastern and western highlands (White, 1981 (White, , 1993 Maley, 1987; Elenga et al., 2000) . African biogeography is further complicated by the occurrence of strong ecological barriers, and the East African Rift system is of outstanding importance in this respect. It is the result of a tectonic uplift of parts of East and Central Africa accompanied by rifting, faulting and volcanism starting in the early Miocene (approx. 25 myr ago). It is basically structured into the Eastern Rift Valley (ERV) and the western Albertine Rift Valley (ARV) with associated mountain areas that are separated by extensive lowlands (savannah) . The importance of the East African Rift system as a barrier for distribution and gene flow has been demonstrated by numerous studies of plants, including Arabis alpina (Assefa et al., 2007) , Lobelia giberroa (Kebede et al., 2007) and Hagenia abyssinica (Ayele et al., 2009) , and other groups of organisms (e.g. Ruiz Guajardo et al., 2010; and references therein) .
Environmental changes and geological barriers affect the occurrence of species and ecosystems and evolutionary processes and genetic diversity in the species involved (Hewitt, 2004) . For the northern hemisphere, many studies on various kinds of plant species have demonstrated the effect of ice ages and the location of mountain massifs on the genetic diversity and demography of populations (e.g. Petit et al., 2003; Soltis et al., 2006) . Although Africa is a main centre of global biodiversity (species and genetic diversity; Linder, 2001) , we are just beginning to understand how the climatic and geological history has created this wide range of evolutionary patterns. For instance, regional patterns of genetic diversity have been recently studied to evaluate the impact of climatic discontinuities on the population structure of rainforest species in western Africa (Dainou et al., 2010; Duminil et al., 2010; Born et al., 2011; Koffi et al., 2011) and savannah tree species (Allal et al., 2011) . The African highlands appear understudied, but are particularly interesting because their topology has favoured dynamic changes in ecological conditions and associated species distributions (Kebede et al., 2007) .
Only a few studies have investigated the genetic diversity of plant species with a wide range of occurrence throughout Africa [e.g. Adansonia digitata, Pock Tsy et al., 2009 ; Senegalia mellifera (synonym: Acacia mellifera), Ruiz-Guajardo et al., 2010; Acacia senegal, Omondi et al., 2010 ; Prunus africana, Kadu et al., 2011] . Although many species of the Afromontane belt are endemics or have a very narrow distribution, some occur on most of the Afromontane locations and have very disjunct distributions (Hedberg, 1969) . Prunus africana is an important component of Afromontane forests occurring throughout mainland Africa, surrounding islands and Madagascar. It is acknowledged for its medicinal properties for treating benign prostatic hyperplasia and has come under severe pressure due to overexploitation of wild populations (Hall et al., 2000) ; currently it is listed as 'vulnerable' in the Red List of IUCN (http:// www.iucnredlist.org). Prunus africana has been described as a 'nomad' species (White, 1983) which is distributed mainly in Afromontane forests but can also colonize specific habitats in lower regions, e.g. riverine forests (Hall et al., 2000) . It can also occur as a pioneer species in secondary forests. The seeds are relatively small and birds can disperse them over distances of at least 300 km (White, 1981) . This ability for long-distance dispersal is evidenced by the occurrence of this species on volcanic islands in the Gulf of Guinea and the Comoros Islands.
In a previous study, we investigated the plastid phylogeography of the species across Africa (Kadu et al., 2011) . Important insights were obtained, and evidence suggested that populations east of the ARV are more closely related to those from western Africa compared with geographically proximate populations in East Africa, strengthening the hypothesis of a Pleistocene migration corridor between eastern and western montane forests. However, plastid markers provide estimates of population processes from only a single gene genealogy (Nordborg, 2001) and are not suitable for gaining deeper insights into gene flow and population history. For a more detailed understanding of biogeographical processes in Africa, knowledge of the more recent population history and current patterns of gene flow among populations is needed. Here, we used six nuclear microsatellite loci to provide further insight on the magnitude and partitioning of genetic variation in P. africana over the main part of its range. Extensive sampling of P. africana allowed addition of evidence to the existing nuclear data provided by Dawson and Powell (1999) and Muchugi et al. (2006) . We test the hypotheses that (a) the ARV is the main barrier to gene flow on the African continent (Kadu et al., 2011), (b) there are differences in population differentiation and divergent rates of historical gene flow among regions and (c) gene flow has become disrupted recently among regions. We use a genetic -geographical approach to detect significant barriers to gene flow and apply individual-based Bayesian assignment methods to identify population groups. Estimates of the extent and direction of current and historic gene flow among regions are derived.
MATERIALS AND METHODS

Population sampling
Leaf samples were obtained from 30 populations of Prunus africana covering the major block of the geographical range of the species. This included the West African region [Cameroon (three sites), Equatorial Guinea (Bioko) and Nigeria (one site each)]; the East African region [Uganda (four sites), Kenya (eight sites) and Tanzania (six sites)]; the southern region [South Africa (two sites) and Zimbabwe (three sites)]; and Madagascar (two sites) ( Fig. 1 and Table 1 ). We were not able to obtain samples from Ethiopia, Eritrea or the Comoros Islands, which would have made sampling from the main range complete. Population sampling was carried out in 2007 -2008 in natural unfragmented mixed stands, or degraded sites in cases where natural forests were absent. From each population, leaf samples from three to 31 trees (459 trees in total; Table 1 ) were collected and dried in silica gel for storage. In cases of recently fragmented forests with low population densities (mainly populations from South Africa), trees from a wider region spanning up to 100 km were sampled and considered as a single population. Import, export and phytosanitary certificates were obtained in line with CITES and national regulations.
DNA extraction and microsatellite genotyping
Total genomic DNA was extracted from 40-60 mg dry leaf material using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). The supplier's protocol was slightly modified by using 800 mL buffer AP1 and adjusting RNase and buffer AP2 volumes accordingly (Farwig et al., 2008) . We determined the concentration and purity of the DNA samples using a ND-1000 spectrophotometer (NanoDrop, USA). DNA was stored at 4 8C. Nuclear variation was analysed with six microsatellite loci originally characterized in wild cherry (P. avium, primers EMPaS01, EMPaS06 and EMPaS10; Vaughan and Russell, 2004) and peach [P. persica, primer pairs U3 (UDP97-403) and U5 (UDP96-018); Cipriani et al., 1999; and P2 (PS12A02) ; Sosinski et al., 2000] . These were previously optimized for P. africana (Cavers et al., 2009) . Fragment size was determined by capillary gel electrophoresis using a CEQ8000 sequencer (Beckman-Coulter, USA).
Data analyses
Five sampling locations with ,10 individuals (Table 1) were excluded from population diversity analyses, but were retained for the Bayesian assignment and historical gene-flow analysis described below. The microsatellite dataset was checked for the presence of genotyping errors and null alleles using the program MICRO-CHECKER (van Oosterhout et al., 2004) . For each locus the observed allele frequencies and the observed and expected levels of heterozygosity (H o and H e , respectively) per population were calculated using GENALEX version 6 . 4 (Peakall and Smouse, 2006) . Deviations from Hardy -Weinberg equilibrium (HWE) were assessed using GENEPOP (Raymond and Rousset, 1995) as significant heterozygote excess or deficiency using Markov chain Monte Carlo simulations with 10 000 dememorizations, 100 batches and 10 000 iterations. Genotypic disequilibrium between loci was assessed in FSTAT 2 . 9 . 3 . 2 (Goudet, 1995) using a Bonferroni correction. Allelic richness with rarefaction to 10 individuals was also calculated using FSTAT. The presence of recent changes in population size, as evidenced by heterozygosity excess based on estimates of multi-locus genotypes, was tested using the software BOTTLENECK v1 . 2 . 02 (Piry et al., 1999) , implementing a Wilcoxon signed rank test and assuming a two-phased model of mutation (95 % stepwise and 5 % multi-step mutations, 15 % variance among multiple steps).
Global F ST and R ST were calculated using ARLEQUIN 3 . 5 (Excoffier and Lischer, 2010) . We also produced an unweighted pair group method arithmetic average (UPGMA) dendrogram based on Cavalli-Sforza and Edwards (1967) chord distances after creating 1000 bootstrapped matrices in Microsatellite Analyser (MSA) (Dieringer and Schlötterer, Table 1 ). The main geneflow barriers among regions as recovered in BARRIER are indicated by black bars; barriers within regions are indicated by blue bars. The confidence of the barrier is indicated in line thickness with strong lines indicating the best-supported barriers.
2003). The computer programs NEIGHBOUR and CONSENSE in the PHYLIP v3 . 63 package (Felsenstein, 1989) were used for tree construction. Additionally, principal co-ordinate analysis was used to explore multivariate relationships among interindividual genetic distances (Nei's standard genetic distance; Nei, 1972) and to identify a set of reduced dimension traits (e.g. PC eigenvectors). These analyses were conducted using GENALEX. Consequently analysis of molecular variance (AMOVA) was used to investigate population differentiation at various levels of subdivision defined by the groups detected by principal component analysis (PCA), UPGMA clustering and individual-based population assignment (see below), using both F ST and R ST in separate analyses (10 000 permutations, significance level 0 . 05). These computations were performed in ARLEQUIN 3 . 5. To examine genetic barriers between populations at continental and regional scales, we used the software BARRIER 2 . 2 (Manni et al., 2004) . In this approach computational geometry and a Monmonier's maximum-difference algorithm are combined to identify edges associated with high rates of change in a genetic distance matrix using Delaunay triangulation Voronoi polygons. One thousand bootstrapped pairwise relative genetic distance matrices (chord-distance) created in MSA were used for the computations. Individual-based population assignment methods were used to further analyse population structure. In these computations all available samples were included. The model-based Bayesian clustering method implemented in STRUCTURE v2 . 3 (Pritchard et al., 2000) was used to infer clusters by assigning individual multi-locus genotypes probabilistically to a userdefined number of K clusters. In STRUCTURE assignment of individuals an inference of allele frequencies is performed so that departures from Hardy -Weinberg and gametic-phase disequilibrium within the clusters are minimized. Assuming correlated allele frequencies, we used the admixture model without incorporation of population information. Using K values ranging from 2 to 30, run lengths of 500 000 iterations with a burn-in period of 200 000 were chosen based on preliminary runs to determine run parameters. Ten runs per K were performed on the total dataset. The average negative logarithmic probability of the data from multiple replicates of each K was plotted to evaluate the rate of probability changes with increasing values of K. The most likely number of clusters was inferred using the DK statistic of Evanno et al. (2005) .
To quantify average recent migration rates (last few generations) among populations, a Bayesian approach implemented in the software BAYESASS 1 . 3 (Wilson and Rannala, 2003) was applied. This method makes no assumptions of HWE within the sample and is based on transient multi-locus disequilibrium in multi-locus genotypes of migrants relative to the host population. It calculates inbreeding coefficients for each population separately and the joint probabilities are used to estimate recent migration rates (Wilson and Rannala, 2003) . Since the accuracy of estimating population assignment or migration rates with this approach depends on large population sample sizes and/or large numbers of loci, we again chose to omit populations with ,10 individuals. A run length of 5000 000 generations, with 999 999 generations burn-in, a sampling frequency of 2000, with dp (maximum change of allele frequency between iterations) at 0 . 30, a dm of 0 . 15 (maximum change of migration rate) and a dF of 0 . 15 (maximum change of inbreeding coefficient). The dataset was run five times with different starting seeds to ensure consistency of results and an average of these runs is reported.
To estimate the direction and magnitude of historical gene flow between population groups determined with STRUCTURE, the maximum likelihood (ML) approach of Beerli and Felsenstein (2001) implemented in MIGRATE version 3 . 2 . 7 (Beerli, 2010) was applied. The ML model assumes that populations are at drift -migration equilibrium, had constant size and migration occurred over the coalescent period (approx. 4Ne generations). However, unlike F-statistics, this method allows non-symmetrical migration and differences in population sizes among populations, both biologically realistic scenarios. MIGRATE jointly estimates the mutation-scaled effective population sizes (u ¼ 4N e m, where m is the mutation rate for diploid data) and the mutation-scaled effective immigration rate (M ¼ m/m, where m is the immigration rate) between geographical groups by estimating allele genealogies and then approximates the sum of probabilities across possible genealogies using Metropolis-Hastings Markov chain Monte Carlo sampling (Beerli and Felsenstein, 2001) . The Brownian motion model for microsatellites as an approximation of the ladder model (Ohta and Kimura, 1973) was used as mutation model. As a search strategy ten short chains with 5000 recorded trees, followed by three long chains with 50 000 recorded trees with a burn-in of 20 000 and a sampling increment of 100 was used. The first run estimated u and M from F ST values, whereas subsequent runs incorporated the ML estimates of u and M from the previous run as starting parameters. MIGRATE was run five times until estimated parameter values converged. The results of the fifth run were used for interpretation. To avoid problems due to different sample size among groups a reduced random subset (37 individuals corresponding to the lowest group size) of each population was used in a parallel computation.
RESULTS
Genetic diversity
The six microsatellite markers exhibited a high level of polymorphism in P. africana with 10-45 alleles per locus (142 alleles in total). Nevertheless a high level of divergence among populations was evident as some populations were fixed for single alleles: populations SA1, SA2 and MG1 did not show variation at locus U3, likewise SA1 and CM2 were fixed at locus U5 and population ZW3 was fixed at locus EMPaS01. The number of alleles, number of effective alleles, observed and expected heterozygosity and fixation index are shown in Table 2 . Observed heterozygosity ranged from 0 . 352 in SA1 to 0 . 808 in UG3 with an average of 0 . 622. Lower values were mostly found in the southern (Table 1 and Supplementary Data Table S1 available online). In many populations, private alleles were detected, highlighting the strong regional divergence among the populations of P. africana in Africa (frequency of private alleles per population is given in Table 2 ). When counting private alleles at the regional level, Madagascar and East Africa (east of the ERV) harboured the highest number (nine each). Also, East African populations west of the ERV had many private alleles (eight), whereas other regions harboured fewer (southern African populations, five; western African populations, four). The frequencies of these private alleles were generally ,0 . 05; however, in Madagascar three alleles at locus U5 had frequencies of 0 . 14, 0 . 11 and 0 . 23, respectively; similarly one allele in locus P2 occurred at a frequency of 0 . 31 in southern African populations. Although several populations showed heterozygote deficiency or excess, only few highly significant deviations from HWE (P , 0 . 001) were detected (populations UG4, KE3 and TZ5; Table 2 ). Deviations were probably caused by the occurrence of null alleles, which affected all loci except locus P2 to varying degrees (Supplementary Data Table S2 available online) but probably did not affect further analysis. No evidence for linkage disequilibrium between loci within populations was found after sequential Bonferroni correction. Assuming a two-phased mutation model, the Wilcoxon signed rank test implemented in BOTTLENECK (P , 0 . 01) detected a recent decrease in population size in southern Africa (SA1, SA2, ZW3), Kenya (KE5, KE7), Uganda (UG4) and Madagascar (MG1) ( Table 2) .
Genetic differentiation and barriers to gene flow
Across all populations a high global F ST value of 0 . 27 was obtained. Population differentiation, taking into account allele size and a stepwise mutation model, was significantly higher with R ST ¼ 0 . 70, indicating a strong phylogeographic pattern in the sample. Relationships among populations based on a bootstrapped Cavalli-Sforza and Edwards (1967) chord distance matrix are shown in the UPGMA tree (Fig. 2) : the population from Madagascar appeared central in the unrooted tree and southern African and populations east of the ERV appeared close to each other, as did populations from West Africa and west of the ERV (with population CM3 on the same branch with these east African populations). Despite geographical proximity, populations east and west of the ERV were the most diverged on the tree. A similar result was obtained in the PCA (Fig. 3) ; in this analysis population CM2 from Cameroon clustered with populations from East Africa west of the ERV, and these two groups were not as clearly differentiated as the other groups.
Main barriers to gene flow as detected with BARRIER 2 . 2 are indicated in Fig. 1 found between Madagascar and mainland Africa. The second barrier (54 . 8 % support) was found between populations east and west of the ERV. The third barrier between populations in West and East Africa was only weakly supported (34 %), similar to all further barriers. Because of the strong regional structuring of the dataset, a separate analysis of gene-flow barriers was conducted within the four groups with more than two populations (Fig. 1) . In West Africa the most important geneflow barrier among populations (61 %) was detected between CM1 and CM2; in populations west of the ERV the main barrier (55 %) separated population UG1 from neighbouring populations; in populations east of the ERV the sharpest break in allele frequencies was detected between population KE8 and all other populations (76 %); in the southern African group the strongest barrier (72 %) was found between populations of South Africa and Zimbabwe.
Individual-based population assignment
Individual-based assignment using admixture analysis in STRUCTURE revealed generally high assignment coefficients for the specific clusters (Fig. 4) , illustrating strong population differentiation. Searching for the most likely group structure (Evanno et al., 2005) identified grouping into five clusters, because Dln P(D) reached a maximum at five groups. These five main clusters corresponded to the main areas of occurrence: West Africa (WG), East Africa west of the ERV (EG1), East Africa east of the ERV (EG2), southern Africa (SG) and Madagascar (MG). When K was set to 6 and 7, further clusters differentiating populations from West Africa and from East Africa were detected (Fig. 4) , but these groupings showed less-clear ancestry coefficients. At K ¼ 7 population, UG1 showed heavy admixture from the West African cluster. Above a K value of 10 no biologically meaningful splitting in the dataset occurred. These five groups were also supported by the results of the distance tree and PCA (Figs 2 and 3 ) and thus were taken as the basis for further analyses. AMOVA analysis using F ST as the differentiation measure partitioned the molecular variance to 14 . 4 % among groups, 12 . 6 % within populations among groups and 73 . 0 % within populations. However, when taking allele size and stepwise mutation into account using R ST , 62 . 5 % of variance was found among groups, 7 . 5 % within populations among groups and only 30 . 0 % within populations (Table 3) , suggesting a significant effect of mutation on regional differentiation.
Recent gene flow
Estimates of recent migration between populations obtained with BAYESASS were relatively low, but differed (significantly) among the five regions (Table 4 ). In general, recent migration occurred mainly within population groups. Only a few estimates .1 % suggested inter-group migration, and this only applied to migration between WG and EG1 and EG2 and SG, respectively. No evidence for recent migration between spatially close populations east and west of the ERV was found. Populations from West Africa, southern Africa and Madagascar (one population) showed evidence of little current gene flow among them, with average self-recruitment of 0 . 90, 0 . 83 and 0 . 99, respectively, but values were higher in populations from East Africa. Within this region, populations belonging to the EG1 on average showed the highest level of recent migration among populations (self-recruitment average: 0 . 79), whereas populations bordering the eastern side of the Rift (KE5 and KE7) were mostly self-recruiting (0 . 88). Higher migration estimates (selfrecruitment 0 . 78) were found in the populations from Tanzania ( populations around Mount Kilimanjaro), which also appeared to have a minor migration rate to populations of the southern range (Table 4 ). The population from Madagascar had the lowest migration rate of all populations; sharing of migrants within WG was inferred only between CM1 and the island population GQ1.
Historical gene flow
Historical rates of gene flow among groups derived from the coalescent computations implemented in MIGRATE were similarly low and divergent among regions (Table 5) . Estimates of migration rates (given as scaled migration rate M ) were similar between computations involving the whole dataset and a random subset (not shown). Estimates of M between Madagascar and the mainland populations were low. In the SG population, historical gene flow was only indicated to and from EG2. There was, opposed to the results obtained for recent migration rates, evidence for moderate bidirectional historical gene flow between populations east (EG2) and west of the ERV (EG1). The highest historical gene-flow estimates were derived for populations west of the ERV (EG1) and West Africa (WG). The derived direction of gene flow was primarily from EG1 to WG. Estimates of scaled population size (u) were similar in EG1 and EG2, were highest for MG, but were comparatively low for WG and SG. Estimates of u were similar for the different computations, although in the random subset (smaller sample size) u for EG1 was about 20 times larger than estimated with the full dataset. However, the u estimates need to be interpreted cautiously, as subgroup structure and observed deviations from model assumptions can influence estimates (cf. Beerli and Felsenstein, 2001 ). Groups correspond to the five biogeographic regions detected.
DISCUSSION
Genetic diversity and population differentiation
The within-population genetic diversity (H e ) in P. africana was comparable to other hardwood species, e.g. Fraxinus excelsior in Europe (0 . 736-0 . 814; Heuertz et al., 2004) or tropical species, e.g. Vitellaria paradoxa (0 . 570 -0 . 710; Logossa et al., 2011) . Genetic diversity differed among regions. Allelic richness was highest in populations from Kenya and Uganda west of the ERV, suggesting that P. africana has occurred in large populations for a long time in these habitats. Levels of genetic diversity were lowest in populations from southern Africa and Madagascar. Population bottlenecks were detected in populations from southern Africa, Kenya, Uganda and Madagascar; these were probably anthropogenic as severe deforestation and changes in land use starting approx. 1000-2000 years BP have had a dramatic impact on Afromontane ecosystems (Gade, 1996; Finch et al., 2009) . Population differentiation with a global F ST of 0 . 27 and R ST of 0 . 70 was high, reflecting the large and disjunct distribution area of the species and the strong divergence among populations even within regions. This was highlighted by the findings of the AMOVA (based on F ST ), as 14 . 4 % of the variation was partitioned among regions and 12 . 6 % among populations within regions. Stepwise mutations had a strong effect on population differentiation as shown by R ST . . F ST , indicating long-term isolation of groups. Also the frequent occurrence of private alleles and null alleles within regional samples underlines the strong divergence of populations. Null alleles might have affected the consecutive analysis; however, we believe that the inference we make is based on strong evidence, and is corroborated by previous findings based on plastid DNA markers (Kadu et al., 2011) .
Five main groups of populations were resolved in the analysis corresponding to main biogeographic regions: Afromontane forests of western Africa (WG), eastern Africa west of the ERV (EG1), eastern Africa east of the ERV (EG2), southern Africa (SG) and Madagascar (MG). This grouping was supported by the UPGMA distance tree, principal co-ordinate analysis and the results of individual population assignment. A similar pattern had been obtained for P. africana from RAPD data by Dawson and Powell (1999) , but the relationship between WG and EG1 derived in that study was even closer; we show that gene flow between WG and EG1 has been disrupted for a relatively short period, but this has allowed populations to diverge.
Recent patterns of migration
Estimates of recent migration rates between populations showed that gene flow between populations has been largely restricted in the western and Madagascan groups ( Table 4 ). Given that Madagascar is an island, the result is not surprising there, whereas in West Africa gene flow was restricted to the island of Bioko (GQ1) and CM1, the nearest population from the Cameroonian mainland, and appeared disrupted among the other mainland populations. A different pattern was observed in East Africa, in particular in EG1 -here gene flow was estimated to contribute to genetic diversity in most populations to a higher degree. On the other hand, Kenyan populations east and close to the ERV appeared to be less connected (average selfrecruitment 0 . 88). Actually the ERV was identified as the second most important barrier for gene flow throughout the range of P. africana, though some populations especially from the Eastern Arc appeared to be better connected. Eastern Arc populations also appear to share a small amount of migrants with southern African populations, and are thus most probably the original sources for these populations, which were also similar in self-recruitment. These findings are in general agreement with the estimates of population divergence obtained from plastid DNA (Kadu et al., 2011 ) -western and eastern lineages diverged early, and the population migration from EG1 to West Africa appears to be a relatively recent event. East of the Rift, effects of fragmentation are more evident and appear to be older, as evidenced by the fixation of unrelated plastid haplotypes in spatially close populations (Kadu et al., 2011) . The better connectivity among Eastern Arc populations is probably associated with the more stable climate in that region (Hamilton and Taylor, 1991; Finch et al., 2009 ).
The Rift Valley system as major gene-flow barrier: major shift of a gene-flow barrier in East Africa
The situation in East Africa is particularly remarkable. While only one group was supported in the other main geographical regions, East Africa holds two major groups; also the most evident genetic barrier on the mainland was detected in this region. This result is in line with previous findings in other species by Dawson and Powell (1999) and Muchugi et al. (2006) . Our MIGRATE analysis (Beerli and Felsenstein, 2001 ) of historical gene-flow patterns over the coalescent period (4N e generations) corroborated earlier studies and provided important new insight into population history. In contrast to estimates of recent gene flow, historical estimates indicate low levels of gene flow between EG1 and EG2, providing evidence that, during a putatively colder earlier period of the Pleistocene, both groups were connected via gene flow. At the same time, all analyses (chord distance tree, assignment, migration) support the strong divergence between populations east and west of the ERV. Ancestral population size appears to have also been large in populations of East Africa (on both sides of the ERV), providing strong evidence that this region was central for population differentiation and spread.
The divergent climatic conditions between East and West Africa probably best explain the observed pattern: during the Pleistocene in West Africa the montane vegetation spread to lowland areas several times, in particular as riverine gallery forests, and thus allowed ample gene flow between populations (Hamilton and Taylor, 1991) . Accumulated evidence also suggests that montane forests in the ARV had more constant climatic conditions (e.g. Jolly et al., 1997; Marchant et al., 1997) , and Marchant and Taylor (1998) report that Afromontane forests were more or less stable in south-west Uganda from at least 42 000 years until approx. 1000 years BP (start of human influence). In contrast, east of the ERV the climate was in general dryer and more variable at least during the last 10 000 years, and montane vegetation became sparse several times as exemplified by pollen records (reviewed in White, 1983; Street-Perrot and Perrot, 1993; Elenga et al., 2000) . Thus, east of the ERV only smaller and more isolated populations of P. africana may have survived the last glacial maximum, favouring higher population differentiation due to drift effects (UPGMA tree, Fig. 2 ; plastid DNA, Kadu et al., 2011) . In the Eastern Arc Mountains of Tanzania and Kenya ( populations KE8, TZ2, TZ5 and TZ6) the situation is different again, as that region is buffered against extreme drought by orographic rainfall from the Indian Ocean (Hamilton, 1982; Lovett, 1993) , which may also explain the better connectivity among these populations inferred from recent gene-flow estimates and the domination of few plastid haplotypes in the region (Kadu et al., 2011) .
In our previous study using plastid DNA (Kadu et al., 2011) , populations on the west side of the ERV shared haplotypes with eastern populations, not with western populations close to the ARV (and other western clade populations). In this study, we show that these populations (UG4, KE1, KE2, KE3, KE4) clearly cluster with populations west of the ERV with nuclear microsatellites. With the calculated low levels of historical gene flow and the disrupted recent gene flow between EG1 and EG2, our results suggest a shift in gene-flow barriers probably during the early to mid-Pleistocene: apparently the ERV has replaced the Lake Victoria basin as the main barrier to gene flow in eastern Africa for the species since at least the mid Holocene (cf. patterns of recent gene flow). Shifts in gene-flow barriers have only been rarely reported, and this finding highlights the dynamic environmental history of the continent and its impact on the evolutionary history of the species.
The importance of the East African Rift system as a geneflow and dispersal barrier in the species deserves special attention -apparently relatively recent gene flow was possible across distances of .2000 km, but not across the 100 km of savannah separating the mountainous areas east and west of the ERV. The ecological reasons for this are intriguing, but are still mostly obscure. The ERV was also found to be a major gene-flow barrier in several other Afromontane plant species, e.g. Arabis alpina (Assefa et al., 2007) , Lobelia gibberoa (Kebede et al., 2007) , Hagenia abyssinica (Ayele et al., 2009) and Acacia senegal (Omondi et al., 2010) and in other organisms (e.g. Nicolas et al., 2008, and references therein) . Strong population divergence between populations associated with the ERV was also observed in a recent study on Senegalia mellifera, a savannah species (Ruiz Guajardo et al., 2010) . There, the striking breaks in allelic patterns were attributed to selection due to site (soil) conditions. The most likely explanation, however, is that adaptations to climate ( precipitation) may be more important in the moisturedemanding P. africana (Mbatudde et al., 2012) . The observed discordance between plastid and nuclear variation further strengthens the indication of a selective component determining group distribution, as nuclear variation may also reflect site adaptation (cf. Petit et al., 2001; Tsitrone et al., 2003) , and obviously was influenced by gene flow to a lesser extent than cytoplasmic variation.
Madagascar
Madagascar holds the most diverged populations and as suggested by Kadu et al. (2011) the colonization of that island was probably the result of a single dispersal event that dates back to the oldest splitting events within the species. This finding is in agreement with previous studies showing very low rates of propagule exchange between Madagascar and mainland Africa (Meve and Liede, 2002) . The high estimated ancestral population size also indicates long-term isolation and an independent evolution of this island population. The long-term climatic stability of this large island has allowed undisturbed evolution and accumulation of a rich flora (Vences et al., 2009) . It is also evident that the colonization of Madagascar was independent from the colonization of southern Africa, because the lowest rate of historical gene flow was found among these groups (Table 5) . Sampling from the Comoros Islands would be important for evaluating possible gene-flow routes between mainland Africa and Madagascar. The evidence for recent population decline due to recent fragmentation (as exemplified by the detected bottleneck) and also morphological divergence (C. A. C. Kadu et al., unpubl. res.) strengthens the demand for the protection of these populations.
Derived populations in southern and western Africa
The results clearly show that the populations in southern African are descendants from EG2 and founding population sizes in this region were small as compared with other areas. The split appears to be relatively recent and is probably mainly driven by drift (monomorphic loci, private alleles). Samples in southern Africa clearly clustered in the STRUCTURE computations, although they were collected over a relatively large geographical area. This suggests that populations in this region have only recently become fragmented and are probably derived from a single population expansion event. A significant barrier to gene flow within the region was only detected between populations from South Africa and Zimbabwe.
The MIGRATE analysis also sheds some light on the relationship between the East and West African populations of the species. Historical migration estimates between WG and EG1 were high, especially in the direction from EG1 to WG; considering both these results and patterns of diversity and previous results from plastid DNA (Kadu et al., 2011) , colonization from east to west appears to be the most plausible hypothesis. In fact, the only other study (to our knowledge) Estimates of recent migration still indicate low levels of gene flow between these regions in P. africana. The most similar populations in WG were Bioko Island (GQ1) and CM1, indicating that the island population is a direct descendent of CM1; other populations from that region recently appear to have had much less contact. Given the long-term absence of the species north of the Congolian plateau and the existence of extant satellite populations in the Congo, Zambia and Angola, the southern migration corridor (sensu White/Moreau) south of the central African rain-forest region may have served as the migration corridor for this movement. In addition, aridification of Africa during the Pleistocene has driven forests south (Hamilton and Taylor, 1991) , making this route of migration even more plausible. Sampling from these areas (western Tanzania, Zambia and Angola) would be needed to solve this question finally. Also future collections of P. africana from riverine populations in Southern Africa and other regions appear promising.
Conclusions
Based on the results of this study, we conclude that the biogeography of P. africana is multifaceted and has been determined by rare long-distance dispersal events coupled with constant migration at intermediate geographical ranges and strong gene-flow barriers. Pleistocene climatic variation was probably a decisive factor in the biogeography of the species. The observed patterns corroborate the main result of our previous plastid DNA study (Kadu et al., 2011) . Comparing nuclear data with the plastid DNA study, we found evidence for the dislocation of a historical immigration barrier to a more recent barrier to gene flow over several hundreds of kilometres, exemplifying the highly dynamic environmental history of African highlands. More generally the dynamic history of the complete continent, similar to South America (Colinvaux et al., 2000) , needs to be investigated in future studies on species from Afromontane regions (east, west and south) throughout the range to resolve biogeographical patterns in order to understand causes and factors impacting evolution of the species. Investigations into this and other species with disjunct distributions in West and East Africa (and the Rift Valley in particular) and other parts of the continent are strongly encouraged to elucidate further the underlying processes. Promising candidates are suggested by White et al. (1981) , and include Myrica salicifolia, Nuxia congesta and Podocarpus latifolius. Other species that could be considered are Podocarpus falcatus, distributed from Ethiopia to South Africa, and Maytenus gracilipes occurring from Ethiopia to Zaire and to Cameroon.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : details of allelic richness for the 25 P. africana populations studied. Table S2 : estimates of null allele frequency for the 25 P. africana populations studied.
